Objective: To analyse the influence of habitual protein intake in early childhood on age and body mass index (BMI) at adiposity rebound (AR), a potential critical period for the development of obesity. Subjects: A total of 313 children (161 boys, 152 girls) participating in the Dortmund Nutritional and Anthropometric Longitudinally Designed Study. Methods: Weighted summary indices were created reflecting habitual, energy-adjusted protein intake (expressed as % of energy) and protein intake per kg reference body weight per day (g/kg RBW/day) between the age of 12 and 24 months. Body mass index standard deviation scores (BMI-SDS), age at AR and covariates (mother's BMI, gestational age, breastfeeding and siblings) were included in the final models. Results: After adjusting for potential confounders, girls in the highest tertile (T3) of habitual energy-adjusted protein intake had a significantly higher BMI-SDS at AR than those in T1 (T1: À0.61 (95% CI: À0.90; À0.31), T2: À0.49 (À0.79; À0.20), T3: À0.08 (À0.36; 0.20), P for difference ¼ 0.01). A comparable association existed with habitual protein intake expressed as g/kg RBW/ day (T1: À0.64 (À0.93; À0.36), T2: À0.22 (À0.52; 0.09), T3: À0.25 (À0.54; 0.04), P ¼ 0.04). In boys, there were no differences in BMI-SDS at AR between tertiles of habitual protein intake (% of energy or g/kg RBW/day) (P40.05). Boys in the lowest tertile of habitual energy-adjusted protein intake tended to experience a later AR (T1: 6.0 (5.6; 6.4), T2: 5.5 (5.1; 5.9), T3: 5.4 (5.0; 5.9) years, P ¼ 0.07). But neither in girls nor in boys was age at AR significantly different between tertiles of habitual protein intake (% of energy or g/kg RBW/day) (P40.05). Conclusion: A higher habitual protein intake between the age of 12 and 24 months was associated with a higher BMI-SDS at AR in girls, but not in boys. There was no consistent relation between habitual protein intake in early childhood and timing of AR.
Introduction
Overweight and obesity have become a major health problem both in industrialised and developing countries. [1] [2] [3] [4] [5] In particular, the rising prevalence among children and adolescents is a cause for concern, because obese children are at high risk of staying obese and suffering from associated health problems later on. [6] [7] [8] [9] [10] As effective prevention strategies are still lacking, obesity research is focusing more and more on the vulnerable period of infancy and early childhood, when infant nutrition has been proposed as a potential cause of 'programming' of later disease. 11, 12 Among the possible influential factors, breastfeeding is now considered to result in a small, but consistent protective effect against childhood obesity. 13, 14 The lower protein content of human milk in comparison to formula milk could be decisive here, 11 as the protein intake of formula-fed infants is 1.4-1.8 higher than that of breastfed infants. Additionally, protein intake in infants increases after weaning, resulting in an intake two to four times above the estimated requirements when expressed per kg body weight. 15, 16 This may be unfavourable, as it has been suggested that a high early protein intake stimulates insulin secretion resulting in adipocyte multiplication and fat deposition. 13, 17 Furthermore, an increased early protein intake may contribute to the development of obesity by inducing higher levels of insulin-like growth factor-I (IGF-I) and suppressing levels of growth hormone (GH), both of which could influence growth and also have adverse effects on adipose tissue. 16, 18 In fact, an association between a higher early protein intake and measures of obesity in later childhood has been reported by some, [19] [20] [21] but not all 22 epidemiological studies.
In particular, a high relative protein intake at the age of 24 months was associated with an earlier adiposity rebound (AR) in a French study conducted by Rolland-Cachera et al. 23 However, a much larger British study could not confirm such an association. 24 The term 'adiposity rebound' describes the turning point when a child's BMI begins to increase again between 4 and 6 years of age. 25 Both an earlier AR and a higher BMI at AR have been related to an increased risk of overweight and obesity in later life. [26] [27] [28] Therefore, the AR has been termed a critical period for the development of overweight and obesity, 29, 30 but knowledge about its nature and potential influencing factors is incomplete and it is still controversially debated. 31, 32 Confirmation of the 'early protein hypothesis' by establishing an association between early protein intake and later obesity risk, as reflected by the characteristics of a child's AR, could have an important impact on strategies targeting the obesity epidemic. But studies analysing the influence of early protein intake on timing of AR in healthy children have only used a single dietary measurement instead of investigating a child's dietary habits over a longer time period, and these studies suffered from methodological limitations such as small sample size or insufficient numbers of anthropometric measurements to determine AR reliably. 23, 24, 33 We therefore aimed to analyse whether a higher habitual protein intake in early childhood as averaged from two to three dietary records between the age of 12 and 24 months results in (a) an earlier AR and (b) a higher BMI at AR in a sample of 313 German children with detailed repeated measurements of height and weight. 
Materials and methods

Study population
Dietary assessment
Dietary intake of study participants is assessed by 3-day weighed dietary records. Similar to the anthropometric measurements, the study design plans four assessments in the first year and two in the second, when parents are asked to weigh foods and beverages, including snacks and foods eaten away from home, to the nearest 1 g over three consecutive days. Weekdays and weekend days were equally distributed in our sample (72.2 and 27.8%, respectively). Parents are instructed by trained dieticians, and semiquantitative recording is allowed when exact weighing is not possible. Information on recipes or the types and brands of food items is also requested. Dietary records are analysed using the in-house nutrient database based on the German standard food tables. This database also contains detailed data on nutrients of commercial foods such as formula and weaning foods, and is continuously updated.
For the purpose of this study, absolute intakes of protein (g/day) at the ages of 12, 18 and 24 months were calculated for each participant from the mean of the three dietary recording days. Our rationale for concentrating on this time period was to exclude as far as possible confusing dietary protein derived from breastmilk with that derived from other protein sources. To obtain a child's relative protein intake and to adjust for total energy intake, the residual method was employed using age-and sex-specific regression models. For descriptive analyses, a constant was added to the Early protein intake and adiposity rebound ALB Günther et al obtained residuals to convey the sense of an actual protein intake as described by Willett, 36, 37 and the resulting values were converted to percentages of energy intake. To obtain a standardised absolute intake, protein intake (g/day) was also adjusted for reference body weight, using the German ageand sex-specific BMI reference curves 35 and calculating each child's ideal weight for its height. From both variables, weighted summary indices were derived reflecting habitual energy-adjusted protein intake and habitual protein intake per kg reference body weight per day (g/kg RBW/day) between age 12 and 24 months. To obtain these weighted summary indices, the children were separated into sexspecific deciles of protein intake (energy-adjusted or g/kg RBW/day) at each of the time points (i.e. 12, 18 and 24 months of age), and the sum of the corresponding deciles (1-10) was weighted for the number of 3-day dietary records.
Parental characteristics and additional information
Parental weight and height are also measured by the same trained nurses. Additionally, parents are asked to provide information about pregnancy and family characteristics, their educational status and employment. In addition, at each visit to the study centre, an interview and a medical examination are performed by a paediatrician to obtain detailed data on illnesses, food preferences and activity of the participating children.
Statistical analysis
Age at AR was calculated by a statistical program 38 based on the visual inspection method introduced by RollandCachera et al., 25 where serial BMI values from age 1.5 to 10 years are plotted and compared for each child. When a plateau (difference in BMIo0.1 kg/m 2 between time points) was found, the last value, that is, the turning point of the curve before its increase, represented the AR. Body mass index values at AR were expressed as standard deviation scores (SDS). 39 Having a BMI-SDS above the 75th percentile of the German reference curves 35 was defined as being at risk for overweight. Finally, for analyses of the association between early protein intake and BMI at AR, SDS values were internally standardised in order to correct for slight differences between the German reference and our study population.
To investigate the influence of early protein intake on age and BMI-SDS at AR and to be able to consider potential confounders, final analyses included comparison of age at AR and BMI-SDS at AR in sex-specific tertiles of habitual protein intake (% of energy or g/kg RBW/day) between 12 and 24 months. Differences between tertiles were assessed by analysis of variance and analysis of covariance, with the use of Bonferroni's correction for post hoc multiple comparisons when significant differences were found. The final models included potential confounders derived from the literature and the study sample's characteristics: mother's BMI (kg/m 2 ), gestational age (weeks) and breastfeeding (full breastfeeding for more than 2 weeks ever vs never). As there is a substantial number of siblings participating in the study, we also took into account whether a child had siblings in the data set used for this analysis (yes vs no). All analyses were performed by SAS (Version 8.2) and a P-value of o0.05 was considered statistically significant.
Results
Sample characteristics
Characteristics of the study sample are presented in Table 1 . Mean BMI-SDS values at AR were negative as AR represents the lowest point of an individual's BMI curve in childhood. 26 Adiposity rebound occurred earlier in girls than in boys (5.271.7 vs 5.671.5 years, P ¼ 0.01), but no sex differences existed concerning BMI-SDS or absolute BMI at AR (P40.05), although more girls exceeded the 75th percentile of the German reference curves 35 at AR than boys. Protein intakes of boys and girls at 12, 18 and 24 months of age are shown in Table 2 . At all time points, protein intakes were two to three times above the estimated requirement for that age group. 40 Energy-adjusted protein intake (% of energy) and protein intake expressed as g/kg RBW per day were higher in girls at most of the time points. However, statistical significance concerning sex differences in these two variables was confined to energy-adjusted protein intake at 18 months and protein intake per kg RBW per day at 12 months (Po0.05).
Habitual early protein intake and body mass index at adiposity rebound Table 3 illustrates the influence of a high habitual protein intake in early childhood on BMI-SDS at AR comparing sexspecific tertiles of habitual protein intake (% of energy and g/kg RBW/day). No such association was found in boys (P for difference between tertiles 40.05). In girls, a higher relative protein intake between 12 and 24 months (% of energy) was related to a higher BMI-SDS at AR with a significant difference in BMI-SDS at AR between the highest and the lowest tertile (Po0.05). Including potential confounders in the model only slightly attenuated the differences between the tertiles. A comparable association was seen for protein intake expressed per kg RBW per day. Girls with a higher protein intake per kg RBW in early childhood tended to have a higher BMI-SDS at AR (P ¼ 0.1). Here, adjusting for potential confounders resulted in a considerable strengthening of the differences between the tertiles (P ¼ 0.04 in the final model).
Habitual early protein intake and age at adiposity rebound Similarly, it was tested whether a high early habitual protein intake resulted in an earlier AR (Table 4) . No significant association was seen in either boys or girls (P40.05). However, boys in the lowest tertile of habitual energyEarly protein intake and adiposity rebound ALB Günther et al adjusted protein intake (% of energy) tended to have a later AR (P ¼ 0.1). This tendency remained when potential confounders were adjusted for (P ¼ 0.07 in the final model).
Discussion
In our sample of healthy German children, a higher habitual protein intake between the age of 12 and 24 months was related to a higher BMI-SDS at AR in girls, but not in boys. Age at AR, however, was not associated with a higher habitual protein intake in early childhood, although there was a tendency that boys with the lowest relative protein intake during this period experienced a later AR. This is the first study to analyse the influence of habitual early protein intake on BMI at AR. As it is still uncertain whether age or BMI at AR is more important for the development of later obesity, 31 it appears essential to consider both outcomes when investigating potential Based on the German reference curves. 35 d Data missing for n ¼ 80 children. Early protein intake and adiposity rebound ALB Günther et al influencing factors. But so far, only early protein intake and BMI at distinct ages in childhood have been considered in other studies, 19, 20, 22 two of which chose an age close to the mean age at AR as their end point (age 5 and 6 years). 19, 20 In an Italian study (n ¼ 147), protein intake at the age of 12 months expressed as a percentage of energy was associated with a higher BMI at age 5 years, even after consideration of potential confounders. 19 Mean protein intake in the Italian study sample was found to be very high (20% of energy), exceeding the level seen in our study (median at age 12 months after adjustment for total energy intake: 13.5% of energy). A small study from Iceland (n ¼ 90, mean protein intake at the age of 12 months around 16% of energy) showed that a higher relative protein intake between 9 and 12 months was associated with a higher BMI at the age of 6 years, but only in boys. 20 The results of the Icelandic study raise the question of physiological differences between sexes. The authors suggested that the sex differences observed could be owing to different growth patterns, reflecting anabolic effects of early infancy sex hormone production in males, or to endocrinological differences between the sexes. 20 By contrast, in our study, a significant relation between early protein intake and BMI at AR (mean age 5.4 years) was seen only in girls.
Other studies examining the influence of early protein intake on measures of childhood obesity did not distinguish between boys and girls. 19, 22, 23 We decided to stratify by sex, as differences between girls and boys concerning the physiology of the AR cannot be ruled out. 41 Although our results suggest that there is an association between early protein intake and BMI values in childhood, we were not able to confirm the hypothesis that such a relation is mediated by an earlier AR. Only a limited number of studies have examined the relation between early protein intake and timing of AR so far. In a French study by RollandCachera et al. 23 (n ¼ 112), children with a later AR had a significantly lower relative protein intake (% of energy) at the age of 24 months than those with an early AR. However, studies from Great Britain (n ¼ 772) and New Zealand (n ¼ 40 girls) could not link early protein intake to age at AR. 24, 33 In neither the British nor the New Zealand study did mean protein intakes reach the high level reported in the French study (median: 16.3% of energy at the age of 24 months). In our study sample, relative protein intake (13.6% of energy at age 24 months after adjustment for total energy intake) did not reach these levels or those reported by several other European countries, 16 either. However, intake was also substantially higher than the estimated requirements at that age. 40 The conflicting results of previous studies that have analysed the relation between early protein intake and age at AR may be owing to methodological shortcomings such as a very small sample size 23, 42 or the lack of adjustment for potential confounders. 23, 24, 42 Additionally, the design of the ), siblings in the data set (yes vs no), gestational age (weeks) and breastfeeding (fully breastfed ever vs never). Early protein intake and adiposity rebound ALB Günther et al
British study only provided anthropometric measurements until the age of 5 years, allowing only a very crude distinction between early and late rebounders. 24 However, data from our study, which began in 1985, indicate that, despite a possible secular trend towards an earlier AR, 21, 24, 41 many children still experience AR at an age later than 5 years. By contrast to previous studies, our study has several methodological strengths. Firstly, the repeated assessment of diet and growth in the DONALD Study provided detailed data that allowed us to examine habitual protein intake over a large part of the vulnerable period of early childhood instead of intake levels at single points in time, and we could base our analyses on a sample of considerable size (n ¼ 313). Secondly, reliable determination of the children's age at AR from continuous, individual growth curves (regular data between 1.5 and 10 years) was possible. And finally, being in the position to consider potential confounders such as parental BMI also seems crucial when investigating the influence of early protein intake on obesity development. 43 Considering the current state of research, it thus appears questionable whether protein intake in infancy and early childhood serves as an important influencing factor on the timing of AR. This does not contradict the above statement that there might be a relation between protein intake in early childhood and BMI at AR. An early AR and a high BMI at AR may represent different BMI patterns, because children experiencing an early AR seem to have been lean before, whereas those with a high BMI at AR often already had a high BMI earlier in life. 24, 41, [44] [45] [46] Thus, age at AR and BMI at AR may be affected differently by the same stimuli. Our study also has some limitations. First, it is possible that the range in protein intake was too homogeneous in our study population to discern a relation between habitual protein intake in early childhood and timing of AR. Similarly, a narrow range in BMI values and a generally low prevalence of overweight in the study sample may have contributed to the small effects, especially in boys. Besides, our study sample is clearly not representative, but this is only of minor importance when looking at internal long-term cause-effect relations. Furthermore, several evaluations showed no or only minor deviations between the dietary habits seen in the DONALD Study and those in previous and more recent surveys in German children. 47, 48 In particular, dietary patterns and feeding regimes in infancy were found to be very similar to a nationwide study on breastfeeding and infant nutrition. 49 Thus, we think that our study may nevertheless serve as a valuable contribution to the discussion of the hypothesis that early protein intake influences later obesity risk.
In conclusion, in this sample of healthy children, a higher habitual protein intake between 12 and 24 months was related to a higher BMI-SDS at AR in girls, but had no consistent influence on the children's age at AR. Nonetheless, what precedes an earlier or later AR and whether AR really qualifies as a critical period of obesity development deserves further research. And even if, as suggested by our data, early protein intake does not substantially affect timing of AR, the metabolic responses to the commonly seen high intakes of protein in early childhood and their long-term consequences for the onset of obesity need to be understood in more depth. 2 ) and siblings in the data set (yes vs no); model 3, adjustment for mother's BMI (kg/m 2 ), siblings in the data set (yes vs no), gestational age (weeks) and breastfeeding (fully breastfed ever vs never).
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